Newly Synthesized Influenza Virus Proteins are Transported from the Nucleus
(Accepted Io July 1979) SUMMARY Newly synthesized nuclear NP, M and NS1 proteins migrated from the nucleus over a period of several hours. Rates of transport were higher for NP than for M or NSI and suggest that nuclear NP may play a role in multiplication.
From the first report that newly synthesized influenza type A virus nucleoprotein (NP) antigen was found in the nucleus of infected cells (Breitenfeld & Schafer, I957) , there has been speculation but little evidence that it has a role in multiplication. The location of virus proteins in the cell by fluorescent antibody staining has clearly shown that some proteins remain in the cytoplasm [haemagglutinin (HA) and neuraminidase (NA)] while at least a proportion of the others [NP, matrix (M) and non-structural (NS1)] are transported into the nucleus (Breitenfeld & Schafer, 1957; Dimmock, 1969; Maeno & Kilbourne, I97o; Oxford & Schild, I975) . The subsequent appearance of N P antigen in the cytoplas m (Breitenfeld & Schafer, I957) which may be accompanied by a decrease in the nuclear NP (Fraser, 1967; Macho & Kilbourne, I97O) has sometimes been interpreted as showing that NP moves from the nucleus to the cytoplasm. However this type of study cannot be interpreted unequivocally since the observable cytoplasmic NP antigen may indeed have passed through the nucleus or have matured in the cytoplasm without ever entering the nucleus.
Several groups have investigated the fate of radio-labelled proteins rather than just that proportion of a protein species which happens to be antigenic. Radio-labelled NP protein can be chased from the cytoplasm into the nucleus (Taylor et al. 1969, 197o; Lazarowitz et al. 197I ; Krug & Etkind, I973 ; Hay & Skehel, 1975) but NP protein has not been shown to leave the nucleus. Hence, it is not known if the newly synthesized NP plays a role in virus multiplication or merely follows the route taken by the ribonucleoprotein of the infecting virus particle which soon after infection moves into the nucleus (Hudson et al. I978; Flawith, I979) . The situation with M protein is less clear. M has been reported to be entirely cytoplasmic in MDCK cells infected with the WSN strain of influenza A virus (Krug & Etkind, I973; Krug & Soeiro, 1975) but to accumulate in the nucleus of WSN or fowl plague virus-infected chick embryo cells (Gregoriades, 1973; Hay & Skehel, 1975) while in another system (strain X31 in M DBK cells) M antigen was detected mainly in the cytoplasm but some of the cells also had nuclear antigen (Oxford & Schild, i975) . The remaining major virus nuclear protein, NS~, can be found by serological means concentrated in nucleoli (Dimmock, t969) . Hay & Skehel 0975) chased newly synthesized NS~ from the cytoplasm into the nuclei, which is consistent with its nucleolar location (Krug & Etkind, I973) . The latter workers and Cook et al. (1979) also found that P proteins enter the nucleus. Thus all the non-glycosylated virus proteins enter the nucleus at some stage of the multiplication cycle. However, it is not known if these proteins continue to migrate into the nucleus throughout the multiplication cycle, as past work has only considered single time points; if these proteins have any function in the nucleus, if they migrate out of the nucleus and lastly if they have any role in the production of progeny virus particles. In this paper we have investigated the migration of influenza virus proteins into and out of the nucleus. Monolayers of chick embryo fibroblast ceils (Morser et al. ~973) were infected with a recombinant strain FP/BEL whose origin, preparation and titration have been described before (Stephenson & Dimmock, t975) . Production of infectious virus and NP antigen are presented in Fig. i to put into context the data on transport of radiolabelled virus proteins which will be presented later. Maximum rate of increase in infectivity took place from 2 to 3"5 h p.i. The NP antigen was detected with the antiserum and method of Kelly & Dimmock (I974) . Antigen was detected in the nucleus at 2 h and in the cytoplasm at 4 h p.i. Nuclear fluorescence decreased slightly in intensity at 4 h p.i. but the disappearance of fluorescence from the nuclei of the monolayer, described by others (Breitenfeld & Shafer, ~957; Fraser, I967; Maeno& Kilbourne, 197o) was not observed. By 7 h p.i. fluorescence was evenly distributed over cytoplasm and nucleus. Experiments on the movements of pulse-labelled virus proteins, which were designed to correlate with the appearance of NP antigen in the cytoplasm, are described below.
Before radio-labelling, cells were put into Earle's saline containing 4 % foetal calf serum (dialysed against saline) for 1o min and then pulsed for lo rain with 250/tl saline containing Ioo/zCi zSS-methionine (sp. act. about 28o Ci/mmol; The Radiochemical Centre, Amersham). Labelling was terminated by removing the isotope and rinsing twice with Glasgow modified Eagle's medium (GMEM) containing 4% foetal calf serum. Nuclear and cytoplasmic fractions were prepared by the 'nuclear monolayer' technique (Tsai & Green, 1973; Bell, t974) in which cytoplasm is dissolved away in 2 % Nonidet P4o (BDH) in PBS. Nuclei were further purified by washing with o.25 M-sucrose, lo mM-tris buffer, pH 7"4, I rnM-MgCl~ which gives nuclear and cytoplasmic fractions of approx. 95 % purity with respect to each other (Hudson & Dimmock, 1977) . The proportion of proteins in nuclei was unaltered by further washes with NP4o or a mixture of NP4o, Triton X-ioo and sodium deoxycholate. Fractions were concentrated by precipitating at -2o °C with 5 vol. ethanol with loo #g cytochrome c as carrier. Samples were analysed on a slab of IO% (w/v) polyacrylamide in a modification of the apparatus described by Studier 0973) and using the phosphate buffer system described by Minor & Dimmock, (~975) . After electrophoresis the gel was dried and autoradiographed. For quantitative measurements the film was scanned with a Joyce-Loebl densitometer using an exposure such that the intensities of the bands were within the linear response range of the film to radioactivity. Cells were pulse-labelled at I. 5, 2, 2.5, 3, 3"5, 4, 4"5 h p.i. and chased for lo rain or until 6 h p.i. before fractionating into nucleus and cytoplasm to obtain information about the migration of proteins throughout this part of the multiplication cycle (data not shown). In summary, the P proteins (unresolved into PI, z and 3 in the gel system used), NP, M and NS1 were synthesized from 1"5 h p.i. but there was no HA2 until 3 h p.i. HA1 was not detected as it labels poorly in this system but traces of NS2 were found. The P proteins, NP, M and NS1 (i.e. all the non-glycosylated proteins) were transported to the nucleus. The majority of NP and M moved rapidly into the nucleus but NS1 and the P proteins moved in more slowly. NS1 synthesized up to 3 h p.i. became distributed equally between cytoplasm and nucleus while that made at 3"5 and 4 h p.i. remained predominantly cytoplasmic. The P proteins behaved similarly to NS1 but since little of these was synthesized their movements were harder to detect. These data are generally in accordance with previous studies by Hay & Skehel, (I975) .
Experiments to determine whether proteins migrated from the nucleus were done in the absence or presence of cycloheximide in the chase medium to inhibit protein synthesis and thus to ensure that there was no further incorporation of residual radio-label into protein. Both experimental approaches gave essentially the same result (Fig. 2) . Ceils were infected, pulsed at 3"5 h p.i. and chased for 2o rain, I h, 3 h and 7"5 h. Tissue culture fluid (TCF) was collected and cells divided into nuclear and cytoplasmic fractions. After PAGE and autoradiography, the amount of each of the major virus proteins, NP, M and NS1 was quantified by densitometric measurement and normalized by expressing the amount of a virus protein in each cell fraction as a proportion of the total contained in TCF, nucleus and cytoplasm. Although this makes no allowance for degradation, there was no indication that breakdown of newly synthesized virus proteins occurs.
In agreement with Taylor et al. (I969) , we found that cycloheximide did not grossly affect the nuclear accumulation of virus proteins. NP, M and NSl accumulated in the nucleus at the expense of cytoplasmic levels up to I h of chase. All three proteins then migrated from the nucleus although there was about two-to threefold greater reduction of NP and M compared with NS1. NP left the nucleus for the duration of the experiment and this correlates with the increasing accumulation of NP antigen in the cytoplasm (Fig. I) ; cytoplasmic levels also fell but to a lesser degree. NP accumulated at a linear rate in the 3.5 5-5 7.5 9-5 3.5 5.5 7 5 9.5 l 1.5 Time p.i. Fig. 2 . ,pulse-chase experiment to show the movement of virus proteins between cytoplasm, nucleus and TCF. Cells were labelled for Io rain at 3"5 h p.i., washed three times to remove excess radiolabel and chased in medium containing unlabelled methionine or in the same medium containing Ioo #g/ml cycloheximide. Cultures were fractionated and analysed by PAGE. Autoradiographs were scanned and the amounts of NP, M and NS~, in arbitrary units of protein, quantified and normalized as described in the text. 0--0, Cytoplasm; O--Q, nucleus; D--[--I, tissue culture fluid. TCF which after a 7"5 h chase in cold medium contained about 45 %-After cycloheximide chase about 60 o, /o of the total synthesized at 3"5 h p.i. The experiment gave no information about the source of NP in the TCF; it could have come entirely from the cytoplasmic pool, entirely from NP which had been through the nucleus or been contributed from both sources. However, all the M released into the TCF (about 50% total M) appeared to have come from the nucleus, since nuclear M was depleted by about 4o to 5o % of its complement, while levels of cytoplasmic M remained low and constant. About 2o to 3o% NS1 was found in the TCF and, like M, this could be accounted for by movement from the nucleus as cytoplasmic NS1 was constant for the duration of the chase. With different experimental conditions others have found that NS~ remains in the nucleus (Krug & Etkind, 1975) . Migration of virus proteins did not appear to be the result of a virus-mediated pathological increase in cell permeability since the proportion of NS~ appearing in the medium was smaller than that of M or NP and also the cytoplasmic levels of both M and NS1 remained constant. The observation that pulse-labelled NP can be chased back out of the nucleus was not found by others (Kvug & Etkind, 1973; Hay & Skehel, 1975) , possibly because of different experimental protocols or differences in the cell systems such that the proportion of labelled NP migrating from the nucleus was insignificant.
